Introduction
============

The population of elderly persons is increasing worldwide, making it important to study mechanisms of aging. Senescence is defined as age-related changes in physiological function and aging depresses tissue functions such as decreasing lipid metabolism ability in the liver and insulin secretion ability in the pancreas.^([@B1]--[@B4])^ To delay senescence, maintain quality of life for the elderly and die a natural death, it is important to consider diet and nutrition.^([@B5])^

Malnutrition is one of the nutrition problems of the elderly. Malnutrition induces loss of motor function, delays recovery from disease and increases the rate of complications and death.^([@B6],[@B7])^ One cause of malnutrition is the decreased ability of the gastrointestinal tract to absorb nutrients.^([@B8])^ However, this mechanism is not well understood. In our previous study, we examined lipids, which are an important nutrient, and showed the progression of senescence of the pancreas, which is related to lipid absorption ability, and found that lipid absorption ability was reduced by decreased expression of pancreatic lipase in aged mice.^([@B5])^ In addition, we necropsied deceased mice and observed the interesting phenomenon that body weight decreased dramatically and visceral fat disappeared in mice that were approaching death. This suggests that delaying the phenomenon by slowing the attenuation of lipid absorption ability with aging may prolong life.

A high-fat diet is a diet which includes many lipids. Mice fed a high-fat diet from a young age are susceptible to fatty liver and diabetes, and a high-fat diet is considered poor for health.^([@B3],[@B9])^ However, it was shown that elderly people who consume much fat lived longer, prompting a second look at high-fat diets.^([@B10])^ Although a high-fat diet may have a beneficial effect of increasing life expectancy, few studies have examined this. It was reported that lipid absorption ability in the small intestine increases in mice fed a high-fat diet from 6 to 9 weeks of age.^([@B11])^ Therefore, a high-fat diet may delay the attenuation of lipid absorption ability with aging and reduce malnutrition in the elderly. However, a high-fat diet from a young age induces aging-related diseases such as fatty liver and diabetes.

In this study, we examined the effect of a high-fat diet from senescence as a means of delaying the attenuation of lipid absorption ability with aging. We used the senescence-accelerated mouse (SAM) P8. SAM was developed in 1981 at Kyoto University and there are various senescence-prone inbred strains (SAMP1, P2, P3, P6, P7, P8, P9, P10).^([@B12],[@B13])^ The SAMP8 mouse shows normal growth and then senescence progresses from 6 months of age. In addition, this mouse exhibits aging amyloidosis, the attenuation of immune function and learning and memory disorder.^([@B14],[@B15])^ The SAMP8 mouse has a lifespan of about a year and it is widely used for analysis of mechanisms of aging and dietary components.^([@B16],[@B17])^ In this study, we examined the effect of lipid absorption ability in the SAMP8 mouse fed a high-fat diet from senescence (6 months of age).

Materials and Methods
=====================

Animals and diets
-----------------

All procedures were performed in accordance with the Animal Experiment Guidelines of Tohoku University. The animal protocol was approved by the Animal Use Committee at Tohoku University.^([@B18])^ Male SAMP8 mice (11 weeks of age) were obtained from Japan SLC (Hamamatsu, Japan). After acclimatization to a commercial diet (CE-2; CLEA Japan, Tokyo, Japan) for 1 week, the mice received a control diet (CE-2) until age 6 months, then they were randomly divided into three groups that were sacrificed or received different commercial diets: a group given control diet (CE-2) and a group given high-fat diet (Quick Fat; CLEA Japan). The control diet or high-fat diet composition (g/100 g diet) was nitrogen-free extract, 51.0 or 46.7; crude protein, 24.9 or 24.8; crude fat, 4.6 or 14.4; crude ash, 6.6 or 5.0; crude fiber, 4.1 or 2.5; moisture, 8.9 or 6.8. The control diet or high-fat diet calorie content (kcal/100 g diet) was 345 or 415. The energy of the high-fat diet was about 20% higher than that of the control diet. Twenty mice which received the control diet were sacrificed for analysis at age 6 months (6C; *n* = 9, one mouse died on the way) and 12 months (12N; *n* = 8, two mice died on the way). Ten mice which received the high-fat diet from age 6 months were sacrificed for analysis at age 12 months (12F; *n* = 6, four mice died on the way). The mice were housed in individual cages with free access to commercial diets and distilled water in a temperature- and humidity-controlled room with light cycles of 12 h on and 12 h off.^([@B19])^ At the appropriate time point, the mice were weighed and then sacrificed by decapitation, and brain, heart, kidney, lung, liver, pancreas, spleen, thymus, mesenteric adipose tissue, perirenal adipose tissue, epididymal adipose tissue, small intestine and serum were collected and stored at --80°C until the assays were performed.

Oral fat tolerance tests
------------------------

After overnight fasting of mice aged 6 and 12 months, 5 g of soybean oil per kg body weight was administered orally. Blood samples were collected by cutting tissue from the tail tip and then massaging the tail. Serum triacylglycerol (TG) levels were measured at 0, 1, 2, 3, 4, 5 and 6 h with an enzyme kit (Wako Pure Chem., Ind., Ltd., Osaka, Japan). Serum TG levels were determined using the TG kit (Wako Pure Chem.), and the area under the curve for blood TG (AUC) was calculated.

Thiobarbituric acid-reactive substance assay
--------------------------------------------

To examine oxidative stress caused by aging, the levels of thiobarbituric acid-reactive substances (TBARS) in serum, liver, pancreas and small intestine were measured as described previously.^([@B20],[@B21])^

mRNA expression analysis
------------------------

For real-time quantitative reverse transcriptase PCR (qRT-PCR), total RNA was isolated from liver, pancreas and small intestine using an RNeasy Mini Kit (Qiagen, Valencia, CA),^([@B3],[@B22])^ eluted with 90--200 µl RNase-free water, and stored at --80°C until use. To quantify the expression levels of genes, mRNA levels for beta-actin (Actb), colipase (Clps), cholesterol 7α-hydroxylase (Cyp7a1), fatty acid-binding protein 2 (Fabp2), microsomal triglyceride transfer protein (Mttp), p21, pancreatic lipase-related protein 2 (Plrp2) and pancreatic lipase (Ptl) in liver, pancreas and small intestine were determined with a Thermal Cycler Dice Real Time System^®^ (Takara Bio, Otsu, Japan). This system allows real-time quantitative detection of PCR products by measuring the increase in fluorescence caused by binding of SYBR green to double-stranded DNA.^([@B3],[@B23])^ In brief, cDNA was made using Prime Script^®^ RT Master Mix (Perfect Real Time) (Takara Bio) from total RNA in liver, pancreas and small intestine. The cDNA was subjected to PCR amplification using SYBR^®^ Premix Ex Taq^TM^ (Perfect Real Time) (Takara Bio) and gene-specific primers for Actb, Clps, Cyp7a1, Fabp2, Mttp, p21, Plrp2 or Ptl (Table [1](#T1){ref-type="table"}). The PCR amplification was performed with an activation step at 95°C for 10 s, followed by 40 cycles at 95°C for 5 s (denaturation) and 60°C for 31 s (extension), and a dissociation stage at 95°C for 15 s, 60°C for 30 s and 95°C for 15 s for each gene. Melting curve analysis was performed following each reaction to confirm the presence of only a single reaction product. The threshold cycle (C~T~) represents the PCR cycle at which an increase in reporter fluorescence above a baseline signal can first be detected. The ratio between the Actb content in standard samples and test samples was defined as the normalization factor.^([@B24])^

Histological analysis
---------------------

For histological analysis of the small intestine, tissues of each mouse were fixed in 10% formalin and embedded in paraffin.^([@B25])^ Vertical sections were cut, mounted on a glass slide, stained with hematoxylin and eosin, and observed using a microscope (BZ-9000; Keyence, Osaka, Japan). The length of villus in the small intestine was measured by using image analysis software (BZ-9000). We calculated means by measuring 40 sites at random for each sample.

DNA microarray analysis
-----------------------

Total RNA was isolated from the small intestine using an RNeasy Mini Kit (Qiagen, Valencia, CA),^([@B3],[@B22])^ eluted with 90--200 µl RNase-free water, and stored at --80°C until use. DNA microarray analysis (Super Print G3 Mouse GE 8x60K Microarray; Agilent) using total RNA was performed by Takara Bio. Total RNA was pooled for each group and subjected to DNA microarray analysis.^([@B2])^ Gene expression ratio is shown as "Log~2~ Ratio".

Biochemical analyses in plasma and liver
----------------------------------------

The lipid compositions in the liver and serum were measured as described previously.^([@B26],[@B27])^ TG and total cholesterol (TC) levels in serum and liver, and phospholipid (PL) and glucose levels in serum were measured using commercial enzyme kits (Wako Pure Chem.) according to the manufacturer's protocol. Insulin was determined using ELISA kits (Shibayagi, Shibukawa, Japan).^([@B27])^ PL levels in liver were determined using the method described by Rouser.^([@B28])^

Statistical analysis
--------------------

All statistical analyses were performed using Ekuseru-Toukei 2012 (SSRI, Tokyo, Japan). Results were expressed as means ± SE. Data were analyzed by a one-way ANOVA with a Tukey post hoc test. Food intake and caloric intake were analyzed by Student's *t* test. We estimated survival curves for each diet group using the Kaplan-Meier method and tested for differences in survival among the groups with a log rank tests (Supplemental Fig. [1](#SF1){ref-type="supplementary-material"}**\***). A difference was considered to be significant at *p*\<0.05.

Results
=======

Oral fat tolerance tests
------------------------

To examine the alteration of lipid absorption ability by a high-fat diet from senescence, we conducted oral fat tolerance tests. First, 5 g of soybean oil per kilogram body weight was administered orally and serum TG levels were measured at 0, 1, 2, 3, 4, 5 and 6 h (Fig. [1](#F1){ref-type="fig"}A). As a result, serum TG levels gradually increased by consumption of soybean oil and peaked at 3--4 h in all groups. At all times, serum TG levels showed the highest values in the 12F group and the lowest values in the 12N group. There was a significant increase in AUC for serum TG levels in the 12F group compared to the 12N group (Fig. [1](#F1){ref-type="fig"}B). This suggested that the attenuation of lipid absorption ability with aging can be delayed by a high-fat diet from senescence.

Senescence indicator in serum, liver, pancreas and small intestine
------------------------------------------------------------------

To examine the degree of aging in SAMP8 mice, the lipid peroxide (TBARS) and p21 mRNA levels were examined in serum and TG absorption-related tissues (liver, pancreas and small intestine) (Table [2](#T2){ref-type="table"}). There was a significant increase in TBARS for serum in the 12F group compared to the 6C group. There was a significant increase in TBARS for liver in the 12F group compared to the 6C and 12N groups. There was no significant difference in TBARS for pancreas and small intestine. There was a significant increase in p21 mRNA level for liver in the 12N group compared to the 6C group. There was no significant difference in p21 mRNA level for pancreas and small intestine. These results showed clear progression of senescence in the liver of 12-month-old SAMP8 mice.

mRNA levels for TG absorption-related genes in liver, pancreas and small intestine
----------------------------------------------------------------------------------

To examine the effect of a high-fat diet on the attenuation of lipid absorption ability with aging, the expression of mRNA for TG absorption-related genes in liver, pancreas and small intestine was measured (Table [3](#T3){ref-type="table"}). There was no significant difference in the mRNA level of Cyp7a1 which is crucial for bile acid synthesis in the liver. There was no significant difference in the mRNA levels of Clps, Plrp2 and Ptl which are required for efficient TG hydrolysis in the pancreas. There was no significant difference in the mRNA levels of Fabp2 which transports free fatty acid and Mttp which brings TG into chylomicrons in the small intestine. This suggested that there was no change in mRNA levels for TG absorption-related genes in relation to the delay of the attenuation of lipid absorption ability by a high-fat diet.

Histological analysis in small intestine
----------------------------------------

To examine the reason why the lipid absorption ability decreased with aging and the decrease was inhibited by a high-fat diet, histological analysis was performed in the small intestine, which is important for lipid absorption (Fig. [2](#F2){ref-type="fig"}A). As a result, the length of villus in the small intestine diminished in the 12N group compared to the 6C group. On the other hand, there was no difference in the length of villus in the small intestine between the 6C and 12F groups. The length of villus in the small intestine was measured. There was a significant decrease in the length of villus in the small intestine in the 12N group and a significant increase in the 12F group compared to the 6C group (Fig. [2](#F2){ref-type="fig"}B). This suggested that the length of villus in the small intestine diminishes with aging but this decrease is inhibited by a high-fat diet.

DNA microarray analysis in small intestine
------------------------------------------

In the histological analysis, the decrease in the length of villus in the small intestine with aging was inhibited by a high-fat diet. To examine this mechanism, the expression of cell function-related genes in the small intestine was measured by DNA microarray analysis (Table [4](#T4){ref-type="table"}). The genes which showed increased or decreased (more than 2-fold difference in log~2~ ratio) mRNA levels in the 12N group compared to the 6C group were examined. A total of 55 genes were found. The expression of many genes increased. Four metabolism-related genes, three aging and stress response-related genes, six cell structure-related genes and three cell cycle-related genes increased. These genes were listed and examined in detail. The expression of 16 genes changed with aging (6C vs 12N), but the change in expression of all genes was diminished by a high-fat diet (6C vs 12F) (Table [5](#T5){ref-type="table"}). This suggested that the progression of senescence in the small intestine is delayed by a high-fat diet.

Growth parameters
-----------------

To examine growth parameters in mice, body weight, food intake and tissue weights were examined (Table [6](#T6){ref-type="table"}). There was a significant increase in the body weight in the 12F group compared to the 12N group. There was no significant difference in the food intake and a significant increase in the caloric intake in the 12F group compared to the 12N group. There was a significant increase in the lung weight in the 12N group compared to the 6C group. There was a significant increase in the liver weight in the 12F group compared to the 12N group. There were no significant differences in brain, heart, kidney, pancreas, spleen, thymus, mesenteric adipose tissue, perirenal adipose tissue and epididymal adipose tissue weights. This suggested that body weight reduction with aging is inhibited by a high-fat diet.

Biochemical analyses in plasma and liver
----------------------------------------

To examine the effect of a high-fat diet on serum and liver in mice, biochemical analyses were performed (Table [7](#T7){ref-type="table"}). There was a significant increase in serum TG level in the 12F group compared to the 12N group. There were significant increases in serum TC and PL levels in the 12F group compared to the 6C and 12N groups. There was a significant increase in serum glucose level in the 12F group compared to the 6C and 12N groups, but no significant difference in serum insulin level. There was a significant increase in HOMA-IR, which is an indicator of insulin resistance, in the 12F group compared to the 6C and 12N groups. There were significant increases in liver TG and TC levels in the 12F group compared to the 6C and 12N groups, but no significant difference in liver PL level. This suggested that serum and liver lipids are increased and hyperglycemia and fatty liver are induced by a high-fat diet from senescence.

Discussion
==========

In our previous study, we showed the attenuation of lipid absorption ability with aging in mice fed a normal diet.^([@B5])^ In this study, to establish a way of delaying such attenuation, mice fed a high-fat diet from senescence were used. As a result, it was shown that a high-fat diet inhibits the attenuation of lipid absorption ability with aging by inhibiting the attenuation of cell function and the degeneration of villi in the small intestine with aging.

To examine the alteration of lipid absorption ability with aging and with a high-fat diet, an oral fat tolerance test was performed. TG is absorbed in the small intestine and sent into the blood via lymph.^([@B29],[@B30])^ In mammals, the serum TG level gradually increases with fat intake and peaks at 3--4 h, and then gradually decreases.^([@B31],[@B32])^ In this study, the serum TG level was gradually increased by consumption of soybean oil and peaked at 3--4 h, then gradually decreased in all groups (Fig. [1](#F1){ref-type="fig"}A). AUC for the serum TG level was calculated and there was a significant increase in AUC in the 12F group compared to the 12N group (Fig. [2](#F2){ref-type="fig"}B). AUC is often used as the indicator of the absorption ability of various substances. It is reported that AUC decreases by the attenuation of absorption ability and increases by the enhancement of absorption ability.^([@B33],[@B34])^ These results suggested that the attenuation of lipid absorption ability with aging is delayed by a high-fat diet.

The effect of progression of senescence caused by aging and a high-fat diet in TG absorption-related tissues (liver, pancreas and small intestine) was examined. Lipid peroxide (TBARS) and p21 mRNA levels were measured to examine the degree of senescence in these tissues. TBARS is an indicator of oxidative stress and increases in aging tissues.^([@B35],[@B36])^ p21 is a cyclin dependent kinase inhibitor that inhibits cell growth and also increases in aging tissues.^([@B37],[@B38])^ In this study, there was a significant increase in TBARS level for serum in the 12F group compared to the 6C group and liver in the 12F group compared to the 6C and 12N groups. On the other hand, there was a significant increase in p21 mRNA level for liver in the 12N group compared to the 6C group (Table [2](#T2){ref-type="table"}). These results showed a clear progression of senescence in the liver of 12-month-old SAMP8 mice.

To examine the effect of a high-fat diet on the attenuation of lipid absorption ability with aging, the expression of mRNA for TG absorption-related genes in liver, pancreas and small intestine was measured. In the process of lipid absorption, first, TG is emulsified by bile acid, then hydrolyzed by pancreatic lipase. Lipid is then absorbed in the small intestine and is resynthesized into TG. Finally, TG is imported into the chylomicron and is sent into the blood via the lymph.^([@B29])^ In this study, the following six genes mainly involved in this pathway were measured: Cyp7a1, which is crucial for bile acid synthesis in the liver; Clps, Plrp2 and Ptl, which are required for efficient TG hydrolysis in the pancreas; Fabp2, which transports free fatty acid; and Mttp, which brings TG into chylomicrons in the small intestine.^([@B39]--[@B42])^ There were no significant differences in mRNA levels of all genes (Table [3](#T3){ref-type="table"}). This suggested that there was no change in mRNA levels for TG absorption-related genes in relation to the delay of attenuation of lipid absorption ability by a high-fat diet.

We examined the morphology of lipid absorption-related tissues because lipid absorption-related genes did not change by a high-fat diet in relation to the delay of attenuation of lipid absorption ability with aging. Various tissues play a role in lipid absorption. The small intestine is the most important tissue for every nutrient including lipid.^([@B43],[@B44])^ Therefore, in this study, small intestine morphology was examined by histological analysis. As a result, there was a significant decrease in length of villus in the small intestine in the 12N group and a significant increase in the 12F group compared to the 6C group (Fig. [2](#F2){ref-type="fig"}). In the small intestine, the surface area decreases due to degeneration of villi with aging and this plays a role in the attenuation of nutrient absorption ability with aging.^([@B45])^ Therefore, these results showed that the delay of degeneration of villi in the small intestine with aging was inhibited by a high-fat diet from senescence.

To examine cell functions in the small intestine more closely, DNA microarray analysis was performed (Table [4](#T4){ref-type="table"} and [5](#T5){ref-type="table"}). As a result, mRNA levels of 16 genes increased in the 12N group compared to the 6C group and the expression of these genes was diminished in the 12F group. It is known that many of the genes we found show high expression or overexpression in inflammation and stress which are related to the attenuation of cell functions. Especially, interleukin 6 signal transducer (Il6st) and ubiquitin-like, containing PHD and RING finger domains, 1 (Uhrf1) show high expression in inflammation and aging which induce the attenuation of cell functions.^([@B46],[@B47])^ Nucleophosmin 1 (Npm1) also shows high expression in stress and aging.^([@B48])^ Inflammation and stress in the small intestine induce the degeneration of villi, the attenuation of nutrient absorption ability, and malnutrition.^([@B49]--[@B51])^ These results showed that the attenuation of cell functions in the small intestine with aging was inhibited by a high-fat diet and induced the delay of attenuation of lipid absorption ability.

To examine the effect of a high-fat diet from senescence on body composition, body weight and tissue weights were measured. As a result, there was a significant increase in the body weight in the 12F group compared to the 12N group. However, there was no significant difference in the weight of visceral fat (Table [6](#T6){ref-type="table"}). Body weight and weight of visceral fat increase with a high-fat diet.^([@B3],[@B52])^ However, in this study, only body weight increased. We observed that visceral fat gradually decreased in mice which showed progression of senescence and then approached death.^([@B2])^ Therefore, a high-fat diet may be able to inhibit this phenomenon. However, in this study, there was no significant difference in weight of visceral fat, which is thought to be mainly due to the difference in the mice strain. Aged mice often show various phenomena in their bodies due to differences in the mice strain. For example, in our previous study, we showed the attenuation of lipid absorption ability with aging in ICR mice; the mechanism was that the expression of pancreatic lipase decreased with the progression of senescence in the pancreas.^([@B5])^ However, in this study, we showed the attenuation of lipid absorption ability, whereas we did not show the progression of senescence and the alteration of expression of pancreatic lipase in the pancreas. The different mechanism emerged due to the difference in mice strain. The lifespan of ICR mice is about two years and senescence progresses slowly in contrast to SAMP8 mice.^([@B53])^ Moreover, in ICR mice, a high-fat diet easily affects adipose tissues and so the mice are used in various studies related to a high-fat diet and adipose tissues.^([@B54],[@B55])^ Therefore, it is thought that a high-fat diet can easily affect adipose tissues even if senescence progresses. On the other hand, the lifespan of SAMP8 mice is about a year and senescence progresses quickly,^([@B16],[@B17])^ reaching significant senescence at 12 months old. It was reported that a high-fat diet had little effect on adipose tissues in senescence-accelerated mice such as SAMP8 mice when senescence progressed sufficiently.^([@B3])^ Therefore, it was thought that a high-fat diet had little effect on adipose tissues in SAMP8 mice in contrast to ICR mice as senescence progresses.

To examine the effect of a high-fat diet from senescence on serum and liver parameters, serum and liver biochemical analyses were performed. As a result, there were significant increases in serum TG level, TC level, PL level, glucose level and HOMA-IR in the 12F group and there were also significant increases in liver TG level and TC level in the 12F group (Table [7](#T7){ref-type="table"}). The high-fat diet from senescence induced hyperglycemia and lipid accumulation in the liver, which induce aging-related diseases such as diabetes and fatty liver.^([@B3],[@B56])^ Therefore, it was shown that a high-fat diet from senescence not only had the positive effect of delaying the attenuation of lipid absorption ability with aging, but also had the negative effects of diabetes and fatty liver.

It is also known that high-fat diet negatively affects circulatory system in common with inducing fatty liver and diabetes.^([@B57])^ So, it is interesting that high-fat diet intake from senescence has influence on cardiovascular parameter. However, in this study, we did not examine cardiovascular parameters because the ability of gastrointestinal tract to lipid was the most important element. In this study, we measured serum total cholesterol which is one of the cardiovascular parameter. As a result, there was a significant increase in serum total cholesterol in the 12F group compared to the 6C and 12N groups. High-fat diet intake from senescence negatively affects circulatory system because high level of serum total cholesterol induces coronary heart disease.^([@B58])^ In the future, we will examine the effect of cardiovascular parameters such as blood pressure on malnutrition with aging and improvement of this malnutrition.

The elderly who is not malnutrition has a long life-span because elderly mortality rate of malnutrition is high.^([@B59])^ However, in this study, high-fat diet intake from senescence induced simultaneously the improvement of decreased ability of the gastrointestinal tract with aging which can resolve malnutrition and fatty liver and diabetes which induce life shortening. It is interesting that high-fat diet intake from senescence has influence on life-span. We made survival curves in the feeding period of this study. As a result, there was no significant difference in the life-span. (12N vs 12F, *p* = 0.397) (Supplemental Fig. [1](#SF1){ref-type="supplementary-material"}**\***). However, mice which consumed high-fat diet showed increased mortality. This suggested that fatty liver and diabetes by high-fat diet intake from senescence are a strong influence on the life-span than the improvement of malnutrition by high-fat diet intake from senescence. So, in the future, we will explore the diet and functional components which can improve malnutrition with aging and inhibit fatty liver and diabetes.

In conclusion, in our previous study, we showed the attenuation of lipid absorption ability with aging,^([@B5])^ and in this study, we noted a high-fat diet from senescence as a way to resolve this problem and showed that the attenuation of lipid absorption ability was delayed by the inhibition of attenuation of cell functions and degeneration of villi in the small intestine. However, it was also shown that consuming a high-fat diet from senescence induced diabetes and fatty liver as with a high-fat diet from a younger age. In the future, we will study ways to delay simultaneously the attenuation of lipid absorption ability with aging and inhibit aging-related diseases.
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###### Supplemental Fig. 1

![Effects of aging on lipid absorption ability in SAMP8 mice. Oral fat tolerance test (A) and area under the curve (AUC) (B) are shown. Values are means ± SE, *n* = 6--9. ^a,b^*p*\<0.05.](jcbn15-60f01){#F1}

![Effects of aging on histology of small intestine in SAMP8 mice. Small intestines were fixed in 10% formalin and embedded in paraffin. Sections were cut, mounted on a glass slide and stained with hematoxylin and eosin. Images (A) and mean length (B) of villus in the small intestine of mice are shown. Values are means ± SE, *n* = 3. ^a,b,c^*p*\<0.05.](jcbn15-60f02){#F2}

###### 

Primer pairs used for the quantitative RT-PCR analysis

  Genbank ID     Target gene   Primer    Primer sequence (5\'--3\')
  -------------- ------------- --------- ----------------------------
  NM_007393      *Actb*        Forward   GAAATCGTGCGTGACATCAAAG
                               Reverse   TGTAGTTTCATGGATGCCACAG
  NM_025469      *Clps*        Forward   GCTCTTGCCTTCTGCTGTCTGA
                               Reverse   ATGGCGCCGATGATGCTCCTGT
  NM_007824      *Cyp7a1*      Forward   GGGATTGCTGTGGTAGTGAGC
                               Reverse   GGTATGGAATCAACCCGTTGTC
  NM_007980      *Fabp2*       Forward   AGAGGAAGCTTGGAGCTCATGACA
                               Reverse   TCGCTTGGCCTCAACTCCTTCATA
  NM_008642      *Mttp*        Forward   AGTGCAGTTCTCACAGTACCCGTT
                               Reverse   AGCATATCGTTCTGGTGGAAGGGA
  NM_001111099   *p21*         Forward   CCTGGTGATGTCCGACCTG
                               Reverse   CCATGAGCGCATCGCAATC
  NM_011128      *Plrp2*       Forward   ATGCCTATGGATGTCCGTGGA
                               Reverse   TGCCCAGGGCTTGTCATTG
  NM_026925      *Ptl*         Forward   CTGGGAGCAGTAGCTGGAAG
                               Reverse   AGCGGGTGTTGATCTGTGC

*Actb*, actin beta; *Clps*, colipase; *Cyp7a1*, cholesterol 7α-hydroxylase; *Fabp2*, fatty acid-binding protein 2; *Mttp*, microsomal triglyceride transfer protein; *Plrp2*, pancreatic lipase-rerated protein; *Ptl*, pancreatic lipase.

###### 

Senescence indicator in mice

                              6C               12N                12F
  --------------------------- ---------------- ------------------ ------------------
  TBARS                                                           
   Serum (µmol/L)             2.78 ± 0.71^a^   3.61 ± 0.37^a,b^   5.49 ± 0.48^b^
   Liver (nmol/g)             96.5 ± 8.75^a^   127 ± 11.6^a^      268 ± 65.2^b^
   Pancreas (nmol/g)          338 ± 21.0       269 ± 38.9         248 ± 24.4
   Small intestine (nmol/g)   421 ± 190        248 ± 71.9         144 ± 20.6
  *p21*mRNA expression                                            
   Liver (Ratio)              1.00 ± 0.13^a^   6.63 ± 2.44^b^     5.91 ± 0.92^a,b^
   Pancreas (Ratio)           1.00 ± 0.28      0.99 ± 0.22        1.75 ± 0.48
   Small intestine (Ratio)    1.00 ± 0.11      0.71 ± 0.05        1.02 ± 0.11

Values are means ± SE, *n* = 6--9. ^a,b^*p*\<0.05. TBARS, thiobarbituric acid active substance.

###### 

mRNA expression levels for triacylglycerol absorption-related genes in liver, pancreas and small intestine of mice.

                    6C            12N           12F
  ----------------- ------------- ------------- -------------
                    (Ratio)                     
  Liver                                         
   *Cyp7a1*         1.00 ± 0.20   2.36 ± 0.58   1.50 ± 0.35
  Pancreas                                      
   *Clps*           1.00 ± 0.28   1.18 ± 0.18   1.48 ± 0.42
   *Plrp2*          1.00 ± 0.28   1.10 ± 0.16   1.54 ± 0.41
   *Ptl*            1.00 ± 0.28   1.05 ± 0.15   1.37 ± 0.31
  Small intestine                               
   *Fabp2*          1.00 ± 0.12   0.82 ± 0.14   1.13 ± 0.21
   *Mttp*           1.00 ± 0.21   1.31 ± 0.21   1.43 ± 0.19

Values are means ± SE, *n* = 6--9. *Cyp7a1*, cholesterol 7α-hydroxylase; *Clps*, colipase; *Plrp2*, pancreatic lipase-related protein; *Ptl*, pancreatic lipase; *Fabp2*, fatty acid-binding protein 2; *Mttp*, microsomal triglyceride transfer protein.

###### 

Cell function related genes from DNA microarray analysis in small intestine: Number of gene transcripts with more than 2-fold difference in log~2~ ratio between 6C and 12N

  Function                             Ratio   
  ------------------------------------ ------- ---
  Lipid, sugar or protein metabolism   4       0
  Stress response/aging/autophagy      3       0
  Cell structure/growth/adhesion       6       0
  Cell cycle/apoptosis                 3       0
  Others                               31      8
                                               
  Total                                47      8

###### 

Cell function related genes from DNA microarray analysis in small intestine: list of gene transcripts with more than 2-fold difference in log~2~ ratio between 6C and 12N

  Genebank ID    Gene name   Log~2~ ratio (vs 6C)   Function   Classification                             
  -------------- ----------- ---------------------- ---------- ------------------------------------------ ---------------------------------
  NM_001145830   *Plcb1*     2.09                   0.89       Phosphatidylinositol metabolism            Lipid metabolism
                                                                                                          
  NM_007502      *Atp1b3*    2.19                   0.79       Insulin secretion                          Sugar metabolism
  NM_009204      *Slc2a4*    2.14                   0.69       Insulin signaling pathway                  
                                                                                                          
  NM_009932      *Col4a2*    2.03                   0.57       Protein digestion and absorption           Protein metabolism
                                                                                                          
  NM_013487      *Cd3d*      2.02                   --0.24     T cell receptor signaling pathway          Stress response/Aging/Autophagy
  NM_010560      *Il6st*     2.01                   0.28       Cytokine receptor interaction              
  NM_010931      *Uhrf1*     2.00                   0.72       Putative E3 ubiquitin-protein ligase       
                                                                                                          
  NM_134142      *Tmem109*   2.44                   0.97       Endoplasmic reticulum membrane             Cell structure/Growth/Adhesion
  NM_008597      *Mgp*       2.44                   0.87       Organic matrix of bone and cartilage       
  NM_008722      *Npm1*      2.26                   0.41       Ribosome biogenesis                        
  NM_080451      *Synpo2*    2.08                   0.71       Actin-binding and actin-bundling           
  NM_026631      *Nhp2*      2.04                   0.63       Ribosome biogenesis                        
  NM_011654      *Tuba1b*    2.03                   0.45       Phagosome                                  
                                                                                                          
  NM_008563      *Mcm3*      2.50                   --0.75     Cell cycle                                 Cell cycle/Apoptosis
  NM_182990      *Ssrp1*     2.11                   0.29       Transcriptional coactivator for p63/TP63   
  NM_013929      *Siva1*     2.00                   0.45       Apoptosis                                  

*Plcb1*, phospholipase C, beta 1; *Atp1b3*, ATPase, Na+/K+ transporting, beta 3 polypeptide; *Slc2a4*, solute carrier family 2 (facilitated glucose transporter), member 4; *Col4a2*, collagen, type IV, alpha 2; *Cd3d*, CD3 antigen, delta polypeptide; *Il6st*, interleukin 6 signal transducer; *Uhrf1*, ubiquitin-like, containing PHD and RING finger domains, 1; *Tmem109*, transmembrane protein 109; *Mgp*, matrix Gla protein; *Npm1*, nucleophosmin 1; *Synpo2*, synaptopodin 2; *Nhp2*, NHP2 ribonucleoprotein; *Tuba1b*, tubulin, alpha 1B; *Mcm3*, minichromosome maintenance deficient 3; *Ssrp1*, structure specific recognition protein 1; *Siva1*, SIVA1, apoptosis-inducing factor.

###### 

Growth parameters in SAMP8 mice

                                        6C                 12N              12F
  ------------------------------------- ------------------ ---------------- ------------------
  Body weight (g)                       29.1 ± 0.86^a,b^   27.6 ± 0.69^a^   31.6 ± 1.54^b^
  Food intake (g/day)                   ---                3.42 ± 0.08      3.82 ± 0.27
  Caloric intake (kcal/day)             ---                11.8 ± 0.27      15.9 ± 1.14\*
  Tissue weight (g/100 g body weight)                                       
   Brain                                1.50 ± 0.07        1.53 ± 0.03      1.36 ± 0.06
   Heart                                0.45 ± 0.03        0.56 ± 0.03      0.53 ± 0.04
   Kidney                               1.68 ± 0.05        1.81 ± 0.04      2.02 ± 0.21
   Lung                                 0.87 ± 0.09^a^     1.34 ± 0.17^b^   0.99 ± 0.13^a,b^
   Liver                                4.28 ± 0.09^a,b^   4.64 ± 0.41^a^   6.44 ± 1.07^b^
   Pancreas                             1.05 ± 0.05        0.93 ± 0.12      0.75 ± 0.08
   Spleen                               0.33 ± 0.05        0.72 ± 0.32      0.43 ± 0.05
   Thymus                               0.08 ± 0.02        0.27 ± 0.17      0.07 ± 0.01
  White adipose tissue weight                                               
   Mesenteric                           0.69 ± 0.10        0.63 ± 0.16      0.63 ± 0.20
   Perirenal                            0.65 ± 0.16        0.44 ± 0.11      0.66 ± 0.24
   Epididymal                           1.40 ± 0.17        1.14 ± 0.25      1.65 ± 0.50

Values are means ± SE, *n* = 6--9. ^a,b^*p*\<0.05, \**p*\<0.05 vs 12N. Food intake and caloric intake are data from 6-month-old.

###### 

Biochemical parameters in serum and liver

                        6C                 12N              12F
  --------------------- ------------------ ---------------- ----------------
  Serum                                                     
   TG (mmol/L)          1.46 ± 0.13^a,b^   0.96 ± 0.07^a^   3.56 ± 1.47^b^
   TC (mmol/L)          2.42 ± 0.05^a^     2.64 ± 0.12^a^   4.76 ± 0.98^b^
   PL (mmol/L)          2.34 ± 0.06^a^     2.64 ± 0.12^a^   3.60 ± 0.44^b^
   Glucose (mmol/L)     10.4 ± 0.34^a^     10.1 ± 0.91^a^   19.4 ± 3.34^b^
   Insulin (ng/ml)      1.32 ± 0.20        1.61 ± 0.19      2.16 ± 0.55
   HOMA-IR              1.00 ± 0.16^a^     1.19 ± 0.18^a^   2.52 ± 0.53^b^
  Liver                                                     
   TG (µmol/g tissue)   13.6 ± 2.64^a^     8.94 ± 1.83^a^   71.3 ± 14.4^b^
   TC (µmol/g tissue)   3.42 ± 0.40^a^     5.00 ± 0.46^a^   18.3 ± 5.11^b^
   PL (µmol/g tissue)   35.2 ± 1.93        31.4 ± 2.37      29.8 ± 1.83

Values are means ± SE, *n* = 6--9. ^a,b^*p*\<0.05. TG, triacylglycerol; TC, total cholesterol; PL, phospholipid.
